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explored the effects of pubertal timing on whole-brain volumetric development or the 6 neuroanatomical substrates of the association in girls between pubertal timing and 7 psychobehavioral outcomes. We collected structural magnetic resonance imaging (MRI) data 8 of a subsample (N = 203, mean age 11.6 years) from a large-scale population-based birth 9 cohort. Tanner stage, a scale of physical maturation in adolescents, was rated almost 10 simultaneously with MRI scan. The Strengths and Difficulties Questionnaire total difficulties 11 (SDQ-TD) scores were rated by primary parents some duration after MRI scan (mean age 12.1 12 years). In each sex group, we examined brain regions associated with Tanner stage using 13 whole-brain analysis controlling for chronological age, followed by an exploration of brain 14 regions also associated with the SDQ-TD scores. We also performed mediation analyses. In 15 girls, Tanner stage was significantly negatively correlated with gray matter volumes (GMVs) 16
in the anterior/middle cingulate cortex (ACC/MCC), of which the subgenual ACC (sgACC) 17 showed a negative correlation between GMVs and SDQ-TD scores. Smaller GMVs in the 18 sgACC mediated the association between higher Tanner stages and higher SDQ-TD scores. 19
We found no significant results in boys. Our results from a minimally biased, large-scale 20 sample provide new insights into neuroanatomical correlates of the effect of pubertal timing on 21 developmental psychological difficulties emerging in adolescence. Participants of our population neuroscience study. This study was conducted as part of the 3 population-neuroscience study of the TTC (pn-TTC) study, in which 301 early adolescents 4
were recruited from the general population (Okada et al., 2019) . Briefly, participants of the 5 pn-TTC study were subsampled from a larger cohort study entitled the TTC (Ando et al., 2019) , 6 and the pn-TTC subsample was confirmed to be demographically and socioeconomically 7
representative of the TTC study population. The specific methods for participant recruitment 8
of the pn-TTC study are shown in Supplementary Methods, and its detailed recruitment 9 procedures and rationale are described in our research paper describing the methodology of the 10 pn-TTC study (Okada et al., 2019) . Written informed consent was obtained from each 11 participant and the participant's primary parent before participation. All protocols were 12 approved by the research ethics committees of the recruiting institutions. The main targets of 13 our current analysis were girls, while boys were included just for contrast purposes. 14 
15
MRI scanning and image processing. Each subject underwent T1-weighted magnetic 16 resonance imaging (MRI) scan. We performed a quality control procedure on the T1-weighted 17 images to exclude those with low scanning quality and/or anatomically anomalous brain 18 findings. Imaging data were processed using Statistical Parametric Mapping (SPM) 12 The Tanner stage was used to assess pubertal development (Tanner 1986). The 5
Tanner stage is a scale used to determine the current stage of puberty of an adolescent, with 6 scores ranging from 1 (prepubertal) to 5 (fully matured). In the pn-TTC survey, prior to MRI 7 scan or on the same day as MRI scan, the Tanner stage of each participant was rated by 8 her/his primary parent, mostly the mother, according to pubic hair (both sexes) and breast 9
(girls) or genital (boys) development. Specifically, primary parents selected the most similar Subject selection for the current main analysis. Of the 301 participants of the pn-TTC study, 16
272 early adolescents underwent T1-weighted MRI scans. Of these subjects, 41 subjects were 17 excluded due to low scanning quality such as insufficient brain coverage, low signal-to-noise 18 ratios, motion artifacts and magnetic susceptibility artifacts, and 22 subjects were subsequently 19 excluded for anatomically anomalous brain findings such as arachnoid cysts and cavum 20 septum pellucidum. A total of 209 adolescents remained. Six primary parents of participating 21 children did not respond to the Tanner stage questionnaire or the SDQ. Finally, 203 children 22 remained in the main analysis. The basic demographic data are shown in Table 1 and 23 Supplementary Table 1 . Forty adolescents underwent MRI scans after the SDQ assessment 24 (Time 2). The mean interval duration from the physical assessment by the Tanner stage to MRI 9 scan was 0.1 month (range: 0-3.0 months). The age distribution at the time of each data 1 collection in the current data set is displayed in Fig. 1 . The Tanner stage distribution and age 2 distributions in each Tanner stage are depicted in second-level analyses of MRI images, the statistical threshold was set at an uncorrected p 10 <0.001 at the voxel level and at a family-wise error-corrected p <0.05 at the cluster level. All 11 assumptions of the statistical tests were met. Multiple comparison tests were not applicable for 12 separate analyses by sex, because we mainly focused on adolescent girls in this study and 13 included boys just for contrast purposes. 14 Prior to the main analysis, we examined whether any differences in SDQ TD scores 15
at Time 1 and 2 existed among the pn-TTC non-participants, the pn-TTC participants excluded 16 from the main analysis, and the pn-TTC participants included in the main analysis. This 17 analysis was performed using Kruskal-Wallis analysis of variance tests. In addition, using the 18 current analysis dataset (N = 203), we used multiple regression models to examine whether 19
Tanner stage could account for the SDQ TD scores at Time 2 in each sex group. Age (Model 1) 20 and age and SDQ TD scores at Time 1 (Model 2) were included as nuisance covariates. 21
Adjustment for SDQ TD scores at Time 1 was conducted to regress out their effect on SDQ TD 22 scores at Time 2. Furthermore, we performed multiple regression analyses to examine whether 23
Tanner stage could account for the SDQ TD scores at Time 1 as well as the changes in the SDQ 24 TD score between Time 1 and Time 2 controlling for age. 25
First, to identify associations between pubertal timing and brain morphology, we 1 explored brain regions in which the GMVs were significantly correlated with pubertal timing 2 in each sex group. The adjustment of pubertal stage by chronological age was conducted to 3 observe pubertal timing based on previous studies (Blanton et al., 2012; Whittle et al., 2012; 4 Satterthwaite et al., 2014) . We used whole-brain voxel-based multiple regression to investigate 5 the effect of Tanner stage (maximum of two kinds) on smoothed modulated normalized gray 6 matter images, including age as well as ICV (global normalization) as nuisance regressors. 7
Global normalization is useful for dealing with brains of different sizes 8 (https://www.fil.ion.ucl.ac.uk/~john/misc/VBMclass15.pdf). We generated a binary mask 9
image of the brain regions that showed significance. In addition, we performed the same 10 whole-brain voxel-based analysis by substituting Tanner stage of pubic hair (both sexes), 11 breast (girls), and genitals (boys). 12
Second, to identify associations between the above anatomical regions and 13 psychobehavioral outcomes, we explored the brain regions where the GMVs were significantly 14 correlated to SDQ TD/internalizing/externalizing scores at Time 2 in each sex group. We used 15
voxel-based multiple regression to investigate the effect of SDQ 16 TD/internalizing/externalizing scores at Time 2 on smoothed modulated normalized gray 17 matter images. Age and ICV (Model 1) and age, ICV, and SDQ TD/internalizing/externalizing 18 scores at Time 1 (Model 2) were included as nuisance regressors. We employed a 19 small-volume correction defined by the mask image created in the first analysis in the 20 corresponding sex group (if any) based on our fundamental hypothesis that the age-adjusted 21
Tanner stages would affect the SDQ TD/internalizing/externalizing scores at Time 2 via 22 regional GMVs. We generated a binary mask image of the brain regions that showed 23
significance. In addition, while our fundamental aim is to discover the neurostructural basis of 24 the association between pubertal timing and later psychological difficulties, we 25 supplementarily investigated GMV effects on SDQ TD scores at Time 2 by exploring all the 1 regions except the area defined in the first analysis, resulting in the whole-brain exploration to 2 clarify the specificity of the association between brain structure and psychobehavioral 3
outcomes. 4
Third, to evaluate the detailed associations among puberty timing, brain morphology, 5
and psychobehavioral outcomes, we conducted a mediation analysis to assess whether GMV 6 mediated the effect of Tanner stage on SDQ TD/internalizing/externalizing scores at Time 2. 7
Specifically, if we observed any brain regions in which the GMV was significantly correlated 8 with SDQ TD/internalizing/externalizing scores at Time 2 in the second analysis, we assessed 9
whether the GMV within the mask generated in the second analysis mediated the effect of 10
Tanner stage on SDQ TD/internalizing/externalizing scores at Time 2. The GMV within the 11 mask was calculated from each modulated normalized image using the 'get_totals.m' script 12 Prior to the main analysis, we evaluated the differences in the SDQ TD scores at Times 1 and 2 3 among the pn-TTC non-participants, the pn-TTC participants excluded from the main analysis, 4 and the pn-TTC participants included in the main analysis. We found no significant differences 5 in SDQ TD scores at Time 1 (girls: p = 0.39; boys: p = 0.56) or Time 2 (girls: p = 0.88; boys: p 6 = 0.13) ( Table 1 ). In addition, using the current analysis dataset, we used multiple regression 7 models to examine whether Tanner stage could account for the SDQ TD scores at Time 2 in 8 each sex group. Age (Model 1) and age and SDQ TD scores at Time 1 (Model 2) were included 9 as nuisance covariates. Adjustment for SDQ TD scores at Time 1 was conducted to regress out 10 their effect on SDQ TD scores at Time 2. We found significant effects of Tanner stage on SDQ 11 TD scores at Time 2 in girls (Model 1: standardized beta coefficient = 0.35, p = 1.5×10 -3 ; 12
Model 2: standardized beta coefficient = 0.30, p = 8.2×10 -4 ), but not in boys (Model 1: 13 standardized beta coefficient = -0.011, p = 0.92; Model 2: standardized beta coefficient = 14 -0.061, p = 0.45) ( Fig. 3A) . Furthermore, we performed multiple regression analyses to 15 examine whether Tanner stage could account for the SDQ TD scores at Time 1 as well as the 16 changes in the SDQ TD score between Time 1 and Time 2 controlling for age. We found no 17 significant effects of Tanner stage on SDQ TD score at Time 1 in either sex group (girls, 18 standardized beta coefficient = 0.083, p = 0.46; boys, standardized beta coefficient = 0.075, p = 19 0.49) ( Fig. 3B) . We found significant effects of Tanner stage on the changes in SDQ TD scores 20 in girls (standardized beta coefficient = 0.22, p = 4.5×10 -2 ), but not in boys (standardized beta 21 coefficient = -0.11, p = 0.31) ( Fig. 3C) . 22 
23

GMV associated with early maturation 24
In the first analysis, we explored brain regions in which the GMVs were significantly 25 correlated with age-adjusted Tanner stages in each sex group. In girls, Tanner stage was 1 significantly negatively correlated with GMVs in the middle cingulate cortex (MCC) (peak 2 voxel MNIxyz = [10 -9 51]) as well as the anterior cingulate cortex (ACC) and medial 3 prefrontal cortex (mPFC) (peak voxel MNIxyz = [-12 3 -16]) ( Fig. 4A and Supplementary 4 Table 2 ). In boys, there were no significant correlations between GMV and Tanner stage. In Table 3 ). There were no significant correlations between GMV and Tanner 9 stage of genitals (boys) or pubic hair (either sex). In the second analysis, confined to brain regions showing significant associations with early 14 maturation in the first analysis, we explored the brain regions in which the GMVs were 15 significantly correlated with the SDQ TD scores at Time 2 in each sex group. Thus, we used a 16 brain mask containing the MCC and the ACC/mPFC when analyzing girls. In girls, the GMVs 17 in the subgenual ACC (sgACC) (peak voxel MNIxyz = [0 22 -14] ) were significantly 18 negatively correlated with SDQ TD scores at Time 2 after adjusting for age and ICV (Model 1, 19 Fig. 5A and Supplementary Table 4) . The result persisted after controlling for SDQ TD 20 scores at Time 1 (peak voxel MNIxyz = [0 27 -10]) (Model 2, Fig. 5B and Supplementary 21 Table 5 ). In addition, the GMVs in the sgACC (peak voxel MNIxyz = [0 27 -10]) were 22 significantly negatively correlated with SDQ internalizing scores at Time 2 after adjusting for 23 age and intracranial volume (ICV) (Model 1, Fig. 5C and Supplementary Table 6 ). The result 24 persisted after controlling for SDQ internalizing scores at Time 1 (peak voxel MNIxyz = [4 30 25 1
between GMVs and SDQ externalizing scores at Time 2. We did not investigate the correlation 2 between GMV and SDQ TD scores at Time 2 in boys, because the first analysis had not 3 revealed any regions in which the GMVs were correlated to Tanner stage. In addition, within 4
regions not showing significant associations with early maturation in the first analysis, we 5 explored the brain regions in which the GMVs were significantly correlated with SDQ TD 6 scores at Time 2 in each sex group. There were no significant correlations between GMV and 7 SDQ TD scores in either sex. 8 9
Mediation effect of GMV on the association between early maturation and 10 psychobehavioral difficulties 11
In the third analysis, we conducted a mediation analysis to assess whether the GMV of the 12 significant region in the second analysis mediated the effect of Tanner stage on the SDQ 13 TD/internalizing scores at Time 2. Age and ICV (Model 1) and age, ICV, and SDQ TD scores 14
at Time 1 (Model 2) were included as nuisance regressors. In Model 1, the mediation model 15
accounted for significant variance in SDQ TD scores at Time 2 (R 2 = 0.19, F = 5.5, p = 0.0005). 16
While the direct effect was significant (standardized beta coefficient = 0.26, p = 0.025), there 17 was also a significant indirect effect of Tanner stage on SDQ TD scores at Time 2 through the 18 GMV (standardized beta coefficient = 0.10, 95% confidence interval = [0.025, 0.24]) ( Fig. 6A) . 19
In Model 2, the mediation model accounted for significant variance in SDQ TD scores at Time 20 2 (R 2 = 0.48, F = 17, p < 0.0001). While the direct effect was significant (standardized beta 21 coefficient = 0.24, p = 0.010), there was also a significant indirect effect of Tanner stage on 22 SDQ TD scores at Time 2 through the GMV (standardized beta coefficient = 0.093, 95% 23 confidence interval = [0.028, 0.21]) ( Fig. 6B) . In Model 1, the mediation model accounted for 24 significant variance in SDQ internalizing scores at Time 2 (R 2 = 0.46, F = 6.1, p = 0.0002). 25
While the direct effect was not significant (standardized beta coefficient = -0.049, p = 0.67), 1 there was a significant indirect effect of Tanner stage on SDQ internalizing scores at Time 2 2 through the GMV (standardized beta coefficient = 0.15, 95% confidence interval = [0.046, 3 0.29]) (Fig. 6C) . In Model 2, the mediation model accounted for significant variance in SDQ 4 internalizing scores at Time 2 (R 2 = 0.64, F = 13, p < 0.0001). While the direct effect was not 5 significant (standardized beta coefficient = 0.059, p = 0.56), there was a significant indirect 6 effect of Tanner stage on SDQ internalizing scores at Time 2 through the GMV (standardized 7 beta coefficient = 0.13, 95% confidence interval = [0.041, 0.26]) ( Fig. 6D) . 8
DISCUSSION 1 2
Based on the analysis of a subsample from a large-scale population-based birth cohort, the 3 results of the current study revealed an association in girls between early pubertal maturation 4 and decreased GMV in the ACC and MCC. Moreover, within these brain regions, the sgACC 5 also showed a negative correlation between the GMVs and the outcomes of psychological 6
difficulties. Furthermore, smaller GMVs in the sgACC mediated the association between early 7 pubertal maturation and negative psychobehavioral outcomes in adolescent girls. To our 8 knowledge, this is the first study of whole-brain MRI analysis to show that pubertal timing 9 influences on psychological features via brain morphology in adolescent girls. Taken together, 10 our results provide new insights into the neurostructural correlates of the effect of pubertal 11 timing on developmental psychological difficulties emerging in adolescence. 12
Using a whole-brain analysis, we successfully demonstrated a significant association 13 in adolescent girls, but not in boys, between early pubertal maturation and a decreased GMV in 14 the ACC/mPFC and MCC after controlling for age and ICV. In addition, in girls, Tanner stage 15 of breast but not of pubic hair was significantly negatively correlated with GMVs in these brain 16
regions. This suggests a possibility that estrogen, rather than androgen, reduces GMVs (Javed Juraska reported that female, but not male, rats lose a significant number of neurons in the 3 mPFC during puberty onset (Willing and Juraska, 2015) . Taken together, these results suggest 4
that early maturation in girls may accelerate neuronal and synaptic pruning in the ACC/mPFC. 5
We did not replicate previous results showing a negative correlation between pubertal timing 6 and amygdala (Blanton et al., 2012) and hippocampus volume in adolescent girls (Blanton et 7 al., 2012; Satterthwaite et al., 2014) . This discrepancy may be ascribed to differences in age 8 ranges across studies and MRI processing methods. 9
We found a significant association in adolescent girls between decreased sgACC 10 bilateral ACC is decreased in adolescents with internet gaming disorder (Wang et al., 2015) . 3
Thus, the ACC (including the sgACC) is a key region in forming psychobehavioral 4 characteristics in adolescence. Our current results are concordant with these findings. 5
The ACC is a network hub for the integration of cognitive, affective, and social This study has several limitations. First, the analysis of the association between 23 pubertal timing and brain morphology is cross-sectional. Thus, we cannot determine causal 24 relationships or long-term effects. It still remains unknown whether early-maturing girls have 25 any long-lasting differences in the ACC/MCC volumetric development compared to 1 normally-maturing girls, given that GMVs generally decrease during adolescence (Lenroot and 2 Giedd, 2010). In addition, it also still remains unknown if such long-term volumetric 3 differences would lead to differential psychopathology in late adolescence and young 4 adulthood. To overcome this limitation, we would ideally need longitudinal MRI scans and 5 data on long-term outcomes of psychopathology. Second, although we explored the 6 association between brain morphology and later psychological difficulties, assessment of 7 psychological difficulties (Time 2) was performed before the MRI scan for some participants. 8
The timing of the MRI scan was delayed from the schedule due to various issues such as 9 participants' personal reasons. Third, the validity of parental assessment of adolescent pubertal 10 development is not perfectly guaranteed. The agreement between assessment by physicians 11
and parents is fair but not accurate (Rasmussen et al., 2015; Landis and Koch, 1977) . 12
In conclusion, the results of the present "population neuroscience" study with a 13 minimally biased, large-scale sample provide new insights into the neurostructural correlates 14 of the effect of pubertal timing on developmental psychological difficulties emerging in 15 adolescence. 16
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